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The multi-subunit eukaryotic translation initiation
factor eIF3 is thought to assist in the recruitment of
ribosomes tomRNA. The expression of eIF3 subunits
is frequently disrupted in human cancers, but the
specific roles of individual subunits in mRNA transla-
tion and cancer remain elusive. Using global tran-
scriptomic, proteomic, and metabolomic profiling,
we found a striking failure of Schizosaccharomyces
pombe cells lacking eIF3e and eIF3d to synthesize
components of the mitochondrial electron transport
chain, leading to a defect in respiration, endogenous
oxidative stress, and premature aging. Energy bal-
ancewasmaintained, however, by a switch to glycol-
ysis with increased glucose uptake, upregulation of
glycolytic enzymes, and strict dependence on a
fermentable carbon source. This metabolic regula-
tory function appears to be conserved in human cells
where eIF3e binds metabolic mRNAs and promotes
their translation. Thus, via its eIF3d-eIF3e module,
eIF3 orchestrates an mRNA-specific translational
mechanism controlling energy metabolism that may
be disrupted in cancer.
INTRODUCTION
Protein synthesis through mRNA translation is the dominant
determinant of cellular protein levels (Schwanha¨usser et al.,
2011). Translation initiation is considered a rate-limiting step in
protein synthesis that is governed by the availability and activity
of eukaryotic translation initiation factors (eIFs) (Sonenberg and
Hinnebusch, 2009). eIF3 is the most complex translation
initiation factor (Hinnebusch, 2006), comprising 13 subunits inCell Re
This is an open access article undmammals (Damoc et al., 2007; Querol-Audi et al., 2013) and 11
subunits in the fission yeast Schizosaccharomyces pombe
(Sha et al., 2009; Zhou et al., 2005). eIF3 appears to encircle
the 40S ribosome to serve as a scaffold orchestrating the recruit-
ment of other eIFs involved inmRNAbinding, scanning, and AUG
recognition (Erzberger et al., 2014; des Georges et al., 2015;
Querol-Audi et al., 2013). For certain mRNAs, the eIF3-depen-
dent initiation mechanism involves direct interactions with RNA
stem-loop structures or methylated adenosines within the
50 UTR (Lee et al., 2015; Meyer et al., 2015).
Upregulation of eIF3 subunits is frequently observed in human
cancers (Hershey, 2015). Overexpression of some subunits can
drive de novo holo-complex formation and modest increases in
protein synthesis along with cell transformation (Zhang et al.,
2007), although the specific mechanisms leading to transforma-
tion remain unknown. A recent study suggested that eIF3 pro-
motes the synthesis of proteins related to cell proliferation and
demonstrated that eIF3-mediated synthesis of c-JUN promotes
cell migration (Lee et al., 2015).
Not all eIF3 subunits are essential, however, suggesting that
some subunits have regulatory functions such as mediating the
translation of subsets of mRNAs under specific conditions
(Choudhuri et al., 2013; Grzmil et al., 2010; Kim et al., 2007;
Zhou et al., 2005). For example, eIF3e was first identified as a
gene disrupted by integration of mouse mammary tumor virus
during breast tumorigenesis (Asano et al., 1997; Marchetti
et al., 1995), and eIF3e is downregulated in several human can-
cers (Buttitta et al., 2005; Hershey, 2015; Marchetti et al., 2001;
Suo et al., 2015). Downregulation of eIF3e induces epithelial-
mesenchymal transition in breast epithelial cells (Gillis and
Lewis, 2013) and transdifferentiation of human mesenchymal
stem cells into carcinoma-associated fibroblasts (Suo et al.,
2015), but the molecular mechanisms underlying the apparent
tumor suppressor function of eIF3e remain unknown.
As in breast cancer, eif3e is dispensable in fungi, including
fission yeast (Smith et al., 2013; Zhou et al., 2005). Cells deletedports 16, 1891–1902, August 16, 2016 ª 2016 The Author(s). 1891
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Figure 1. Effect of Deletion of eif3e and
eif3d on Protein Synthesis
(A) Sucrose density gradient profile of the indi-
cated wild-type (blue) and eif3mutant (red) strains.
(B) Polysome run-off was induced by glucose
withdrawal for 15 min, and translation initiation
was assesses by sucrose density gradient centri-
fugation upon re-addition of glucose for the indi-
cated times. Glucose-induced protein synthesis
was stopped at the indicated time points by
addition of 100 mg/ml cycloheximide.
(C) Strategy for 80S proteomics. Cell lysate was
digested with RNase 1 and separated by sucrose
density gradient centrifugation. Fractions con-
taining 80S ribosomes were analyzed by LC-
MS/MS.
(D) Gene ontology terms enriched in the list of
proteins that were significantly up- (yellow) or
downregulated (blue) in 80S complexes isolated
from eif3emutant cells. Data are from a total of five
repeat experiments.for the gene encoding eIF3e (also known as Yin6p or Int6p) or its
binding partner eIF3d (Moe1p) show an 25% reduction in
global protein synthesis and growth, and are hypersensitive to
stress conditions (Bandyopadhyay et al., 2000, 2002). Although
these observations suggested potential mRNA-selective func-
tions, the specific effect of eIF3e on protein synthesis and its
role in breast tumorigenesis have remained elusive. We show
here that eIF3e and eIF3d form a specificity module for the effi-
cient synthesis of components of the mitochondrial electron
transport chain (ETC) and that lack of eIF3d and eIF3e leads to
a metabolic switch from respiration to glycolysis, similar to
what is frequently observed in cancer cells undergoing the War-
burg effect. The data implicate the eIF3d-eIF3e module of eIF3 in
a translational circuit to uphold the metabolic balance that may
be disrupted in human cancer.
RESULTS
Cells Deleted for eIF3 Subunits e and d Are Deficient in
Initiation of Translation
Using sucrose density gradient centrifugation, we observed
that eif3e-deleted cells have a disturbed polysome profile
with accumulation of light polysomes (less than five) at the1892 Cell Reports 16, 1891–1902, August 16, 2016expense of heavy polysomes (more
than five; Figure 1A). A strain deleted
for eif3d, encoding a direct interactions
partner of eIF3e (Yen and Chang,
2000), has the same growth and stress
phenotype (Bandyopadhyay et al.,
2002) and showed a polysome profile
identical to eif3e-deleted cells (Fig-
ure 1A). The abnormal profile suggested
that the mutants are defective in recruit-
ing ribosomes to mRNAs. To determine
the efficiency of translation initiation,
polysome run-off was induced by
removing glucose from the culture me-dium for 15 min, followed by glucose re-addition to induce
initiation of translation. Although wild-type cells efficiently re-
established polysomes containing more than five ribosomes
within 10 s of glucose re-addition, the bulk of polysomes
formed in eif3e mutant cells within the same period contained
fewer than four ribosomes (Figure 1B). This defect, which
was even more pronounced at 30 s after glucose re-addi-
tion, indicated a reduced efficiency in recruiting ribosomes to
mRNAs.
Proteomic Analysis of Ribosome-Associated Proteins
Points to a Role of eIF3e in the Synthesis of
Mitochondrial ETC Components
To gain further insight into the apparent initiation defect of eif3e
mutant cells, we sought to assess the state of translating ribo-
somes. Cell lysate fromwild-type and eif3e-deleted cells was di-
gested with RNase, and 80S ribosomes and their associated
proteins and nascent polypeptides were isolated and analyzed
by liquid chromatography and tandem mass spectrometry
(‘‘80S proteomics’’; Figure 1C). In five independent experiments,
1,622 proteins were quantified, of which 261 showed a statisti-
cally significant difference (p % 0.05) between the wild-type
and eif3e mutant cells (Data S1).
Figure 2. Effect of Deletion of eif3e on the
Synthesis of Metabolism-Related Proteins
(A) Correlation between changes in the associa-
tion of a protein with 80S complexes and its
translation rate, as determined by pulsed SILAC in
the absence of eif3e. Translation rates are aver-
ages of two replicates. The Pearson coefficient
and p value of an ANOVA regression analysis are
indicated.
(B) 80S complexes were isolated from cells pulse-
labeled with 15N-NH4Cl to profile changes in the
80S association of newly synthesized meta-
bolism-related proteins in eif3e mutant cells rela-
tive to wild-type (WT) cells. The resulting eif3e/WT
log2 ratios were plotted on the vertical axis. Data
are averages of two independent experiments.
Corresponding steady-state 80S association
ratios were plotted on the horizontal axis. The
Pearson coefficient and p value of an ANOVA
regression analysis are indicated.
(C) Intensity map of changes (log2) in 80S asso-
ciation, translation (pulsed SILAC), and steady-
state protein and mRNA levels in eif3e deleted
cells. Proteins are sorted according to gene
ontology terms. Missing values are shown in light
gray.Gene ontology (GO) enrichment analysis (Huang et al., 2009)
revealed that the group of 130 proteins that were downregulated
in the 80S fraction of eif3e-deleted cells fell into three main cat-
egories: ribosome biogenesis, transmembrane transport, and
oxidative phosphorylation, in particular subunits of mitochon-
drial respiration complexes III, IV, and V (Figure 1D; Figure S1A).
The eIF3 complex (GO:5852) was also enriched because of
minor depletion of eIF3b and h and the virtually complete
absence of eIF3d from 80S particles isolated from eif3e-deleted
cells (Figure S1B). This finding is consistent with our previous
demonstration that S. pombe eIF3 complexes missing subunit
e are also devoid of eIF3d (Sha et al., 2009) and suggests that
eIF3d and eIF3e are recruited into the complex as a module. At
the same time, these data complement our previous evidence
that a stable eIF3 complex can exist in the absence of eIF3d
and eIF3e (Sha et al., 2009; Zhou et al., 2005).
The list of 131 proteins whose abundance was significantly
increased in 80S complexes isolated from eif3e-deleted cells
was enriched for amino acid and lipid biosynthesis, transmem-
brane proteins, and glycolysis and its two downstreammetabolic
pathways alcohol fermentation and tricarboxylic acid (TCA) cy-
cle. Onlyminor differenceswere found in ribosomal proteins (Fig-
ure S1C), other initiation factors (Figure S1D), and ribosome-
associated chaperones (HSP70s, CCT complex), suggesting
that the overall 80S structure is intact in the absence of eif3e.Cell RepCells Deleted for eif3e Are
Defective in Synthesizing ETC
Proteins
To assess whether the differences in the
80S-associated proteome observed be-
tweenwild-type and eif3emutant cells re-
flected differences in the synthesis ofnascent proteins, we acquired a series of datasets on global pro-
tein dynamics employing stable isotope labeling techniques
coupled with mass spectrometry. Differences in translation rates
as determined in a pulsed stable isotope labeling with amino
acids in cell culture (SILAC) experiment (Selbach et al., 2008)
correlated significantly (r = 0.40, p < 0.001) with the differences
observed in the 80S-associated proteome (Figure 2A). In addi-
tion, of the translation rates determined for 2,597 proteins, 228
were significantly reduced in eif3e mutant cells, whereas 187
were increased. The lists of proteins with significantly altered
rates of synthesis-enriched GO terms that overlapped with those
obtained for proteins with altered 80S association shown in Fig-
ure 1D, indicating that the synthesis of components of the mito-
chondrial respiration chain is downregulated in eif3e-deleted
cells, whereas amino acid biosynthesis and glucose metabolism
are upregulated (Figure S2A; Data S1). Identical GO terms were
also enriched in the set of 694 proteinswhose steady-state levels
significantly differed in eif3e mutant cells, as determined by
quantitative mass spectrometry (Figure S2B; Data S1).
We next directly measured changes in the synthesis rates of
80S-associated proteins in wild-type and eif3e mutant cells by
labeling nascent proteins through growing cells in medium con-
taining heavy nitrogen (15N), followed by purification of 80S com-
plexes and mass spectrometry. Observing changes in the
14N/15N ratios of the identified peptides allowed us to assessorts 16, 1891–1902, August 16, 2016 1893
the rate of synthesis of 232 proteins associated with 80S com-
plexes (Data S1), of which 27 represented metabolism-related
proteins that we had found to be altered in their 80S association
in eif3e mutant cells. Plotting the protein synthesis rates versus
the steady-state levels of these 80S-associated proteins re-
vealed a highly significant correlation (r = 0.64, p < 0.001; Fig-
ure 2B), again indicating that mitochondrial proteins with
reduced 80S ribosome association in eif3e mutant cells corre-
spond to those with a reduced rate of synthesis. Conversely,
increased association of glycolysis and TCA cycle proteins ap-
pears to reflect increased synthesis.
Although there was an overall positive correlation between a
protein’s association with 80S complexes and its corresponding
mRNA level (r = 0.45, p < 0.001; Figure 2C), only 19 of the 261
proteins (7.3%) differentially associated with 80S ribosomes in
wild-type versus eif3e mutant cells showed a statistically signif-
icant change at the mRNA level. In addition, decreased 80S as-
sociation of 35 mitochondrial proteins was not correlated with
their mRNA levels (Figures S2D and S2E). The transcriptomic dif-
ferences between wild-type and eif3emutant cells (402 mRNAs;
Data S1) did not enrich any of the metabolism-related GO terms
found in the proteomic datasets (80S proteome, pulsed SILAC
(pSILAC), steady-state dataset; Figure S2C). Instead, there
was marginally significant enrichment of the terms transmem-
brane transport and cellular stress response (Figure S2C). In
addition, thiamine biosynthesis was enriched in the set of 218
mRNAs that were upregulated in eif3emutant cells (Figure S2C).
Comparison with our parallel proteomic datasets revealed that
the corresponding biosynthetic enzymes as well as the thiamine
transporter Thi9pwere also upregulated at the protein level (Data
S1), suggesting that eif3e mutant cells have an increased de-
mand for thiamine, a vitamin essential for glucose oxidation at
multiple levels. In summary, the integrated analysis of 80S prote-
omics, pSILAC, steady-state protein, and mRNA datasets
strongly suggested that the highly selective changes in the levels
of metabolism-related proteins observed in the absence of eIF3e
are primarily driven by changes at the level of translating specific
classes of transcripts.
Metabolomic Analysis Indicates a Glycolytic Switch in
eIF3d- and eIF3e-Deficient Cells
To assess phenotypic consequences of the translational
changes observed in eif3emutants, we considered the possibil-
ity that the abnormal polysome profile may result from a defect in
ribosome biogenesis. However, eif3e mutants did not display
typical phenotypic features of ribosome biogenesis mutants,
such as flocculation (data not shown) and ‘‘ribosome half-
mers’’ (Li et al., 2013; Meyer et al., 2007), in the sucrose density
gradient profile (Figure S3A). Cells deleted for eif3e did, however,
display a 10%–20% reduction in total RNA levels, the bulk of
which consists of ribosomal RNA (Figure S3B). Thus, although
ribosome biogenesis may be slightly reduced in eif3e mutant
cells, these data suggest that this is a consequence rather
than the cause of the reduced growth rate of the mutant.
With respect to the large energy requirements of protein syn-
thesis in exponentially growing cells—up to 30% of the cellular
ATP utilization (Rolfe and Brown, 1997)—we considered the pos-
sibility that failure to maintain the synthesis of mitochondrial1894 Cell Reports 16, 1891–1902, August 16, 2016respiration chain components might lead to a deficiency in
ATP, thereby causing inefficient protein synthesis. Exponentially
growing S. pombe cells are known to derive 50%–65% of their
energy frommitochondrial respiration (Zuin et al., 2008). Consis-
tent with the proteomic data, cells deleted for eif3e maintained
under exponential growth conditions showed an 60% reduc-
tion in mitochondrial oxygen consumption rate (Figure 3A).
Similar reductions were observed with strains deficient in two
other non-essential subunits, eIF3d and eIF3h (Tif38). Deletion
of eIF3j (Hcr1), a sub-stoichiometric subunit thought to have
modulatory function (Wagner et al., 2014), had no effect on respi-
ration (Figure 3A).
To determine whether reduced respiration coincides with
reduced ATP levels, we generated a comprehensive metabolo-
mic profile of wild-type and eif3e-deficient cells by liquid
chromatography (LC)-mass spectrometry (MS). In triplicate ex-
periments, ATP, ADP, and AMP levels did not significantly vary
between wild-type and eif3e-deleted cells (Figure 3B), indicating
that the translational phenotype of eif3emutant cells is not due to
ATP depletion. We then used the MetaboAnalyst tool suite (Xia
et al., 2015) to identify a set of 90 metabolites (of over 8,000
LC-MS peaks) whose levels were significantly changed in eif3e
mutant cells (Data S2). Pathway analysis of thismetabolite set in-
tegrated with the list of significantly altered proteins identified by
quantitative proteomics (Data S1) enriched numerous highly sig-
nificant Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways (Figure 3C). The analysis revealed glucose utilization
(i.e., glycolysis, pyruvate metabolism, TCA cycle), amino acid
metabolism, and nucleotide metabolism as significantly upregu-
lated KEGG pathways. Likewise, oxidative stress defense func-
tions (glutathione metabolism and pentose phosphate pathway)
were upregulated in eif3e-deleted cells, a finding that is consis-
tent with the well established stress phenotype of eif3e mutant
cells (Bandyopadhyay et al., 2000; Udagawa et al., 2008) as
well as with our transcriptomic profile that indicated upregulation
of oxidative stress response genes in the mutant (Figure S2C).
Consistent with a role of eIF3 in promoting the synthesis of the
respiration chain, disruption of the ETC has previously been
shown to lead to endogenous oxidative stress in S. pombe
(Zuin et al., 2008). Biosynthesis pathways of several vitamin co-
enzymes essential for glucose, amino acid, and lipid metabolism
was also found upregulated in cells lacking eif3e (i.e., biotin, pyr-
idoxal 50-phosphate, thiamine). The apparent high demand for
thiamine of eif3emutant cells is consistent with the upregulation
of the thiamine transporter Thi9p noted above.
Cells Deleted for eif3e and eif3d Are Dependent on
Glucose
The combined proteomic and metabolomic data suggested that
S. pombe cells lacking eIF3e function undergo a metabolic
switch from respiration (which is downregulated) to glycolysis
(which is upregulated) to maintain energy balance. To test this
hypothesis, we determined glucose utilization by measuring
the depletion of glucose from the medium. Glucose uptake
was significantly increased in cells lacking eif3e (Figure 4A).
This finding is consistent with the pronounced induction of the
high-affinity glucose transporter Ght5p (Saitoh et al., 2015) (Fig-
ure 2C), which was more than 60-fold higher in the 80S fraction
Figure 3. Metabolic Re-programming in
eif3-Deficient Cells
(A) The oxygen consumption rate was determined
in the indicated WT and eif3 mutant strains. Two
different WT strains were used that are syngeneic
with the eif3-deleted strains to their right. Error
bars represent SDs of three (WT, eif3e, eif3d, eif3h,
eif3j) or four (WT, coq4) independent measure-
ments. p Values correspond to the results of a
t test with two-tailed distribution and unequal
variance.
(B) eif3e/WT ratios of the indicated metabolites as
determined by LC-MS/MS in triplicates and sta-
tistical analysis in MetaboAnalyst. Values are the
results of a t test.
(C) KEGG pathways enriched in the sets of 90
metabolites and 521 proteins that significantly
differed between wild-type and eif3emutant cells.
Plotted are the Z scores for pathway enrichment
and pathway topology analysis derived from the
MetaboAnalyst 3.0 tool suite (Xia et al., 2015).
Because this type of integrated metabolite and
protein expression analysis is only available for
mammalian data, the putative human orthologs of
the significantly changed S. pombe proteins were
used for the analysis.isolated from eif3emutant cells (Data S1). Using RT-PCR, we as-
sessed the presence of ght5mRNA across the fractions of a su-
crose density gradient. Although, in wild-type cells, a significant
portion of the transcript was present in monosomal fractions,
ght5 mRNA was quantitatively sequestered in polysomes of
eif3e-deleted cells, indicating strongly increased translation of
ght5 mRNA in the mutant (Figure 4B).
To test whether increased glucose uptake is relevant to cell
physiology, we determined growth under glucose-limiting condi-
tions. Although yeast extract growth medium (yeast extract
supplements [YES]) typically contains 3% glucose, wild-type
cells can maintain growth at glucose concentrations as low as
0.2% (Takeda et al., 2015). However, the growth of eif3e and
eif3d mutant cells was inhibited at glucose concentrations
below 1.5% (Figure 4C). At 0.2%, both eif3mutants were inviable
(Figure 4C). In Edinborough minimal media (EMM), which con-
tains 2% glucose and in which cells have an increased reliance
on respiration (Zuin et al., 2008), eif3 mutant cells grew very
poorly (Figure 4D). Growth improved, however, 5- to 25-fold
upon raising the glucose concentration to 5% (Figure 4D). Cells
deficient in eIF3e and eIF3d were entirely unable to grow in
medium containing non-fermentable glycerol as the carbon
source (Figure 4D), confirming that they are severely impaired
in respiration.Cell RepBecause eIF3 appears to promote the
synthesis of ETC proteins, eIF3 subunits
might be induced under conditions
of increased respiration. Mitochondrial
respiration is upregulated by shifting
S. pombe cells to 0.08% glucose, a
response that coincides with increased
levels of the complex I subunit Cox2p(Takeda et al., 2015), which we found to require eIF3e for efficient
synthesis (Data S1). Under the same glucose-limiting conditions,
both eIF3 subunits we tested, eIF3e and eIF3m, were upregu-
lated between 30%–40% after 4 hr (Figure 4E), suggesting that
eIF3 contributes to the upregulation of respiration upon glucose
restriction.
Lack of eIF3e and eIF3d Causes Endogenous Oxidative
Stress and Premature Aging
Consistent with the described stress sensitivity of eif3e and eif3d
mutant cells (Bandyopadhyay et al., 2000; Udagawa et al., 2008),
we found that these cells are sensitive to oxidative stress admin-
istered by the presence of 1 mM hydrogen peroxide in the me-
dium (Figure 5A). To test whether poor growth on EMM is due
to endogenous oxidative stress, fromwhich respiration-deficient
cells are known to suffer (Zuin et al., 2008), we supplemented the
medium with the anti-oxidant N-acetyl cysteine (NAC). NAC was
able to substantially rescue the growth of eif3e and eif3dmutant
cells on EMM, leading to a minimum 25-fold improvement (Fig-
ure 5B). These phenotypic data, combined with the mRNA
data indicating induction of a stress response signature, strongly
suggest that the defect in mitochondrial respiration observed in
eIF3-deficient cells leads to leakage of electrons from the ETC
and subsequent oxidative stress.orts 16, 1891–1902, August 16, 2016 1895
Figure 4. Effect of eIF3 Deficiency on Glucose Uptake
(A) Glucose uptake was measured by determining the depletion of glucose from the medium during the growth of WT and eif3e-deleted cells using a YSI 2950
metabolite analyzer. Glucose concentration in the mediumwas normalized to cell growth (i.e., optical density 600 [OD600]) to account for the slower growth rate of
eif3e-deleted cells. Data are averages of three biological replicates, with error bars indicating SDs. Statistical significance was assessed with a t test assuming
two-tailed distribution and unequal variance.
(B) RNA was purified from sucrose density gradient fractions prepared from WT and eif3e mutant cells and employed in RT-PCR reactions with primers spe-
cifically amplifying the mRNA encoding the hexose transporter ght5 and erg2 as a reference. Only fractions containing mRNA (3–12) were used for RT-PCR. Total
RNA was used as a reference. Reactions excluding reverse transcriptase are shown to prove that the band shown is derived from RNA and not DNA.
(C) Growth of eif3e- and eif3d-deleted cells under limiting glucose conditions. 5-fold serial dilutions of the indicated strains were plated onto YES medium
containing decreasing glucose concentrations, and growth was scored after 2–4 days.
(D) Growth of eif3e- and eif3d-deleted cells on EMM containing increasing concentrations of glucose or on glycerol as the sole carbon source.
(E) Effect of glucose restriction on the levels of eIF3e and eIF3m proteins. Strains harboring alleles of eif3e and eif3mmodified with protein A epitope tags (Zhou
et al., 2005) were shifted frommedium containing 3%glucose tomedium containing 0.08%glucose for the indicated times. Cell lysates were loaded in duplicates
and blotted with anti-protein A antibodies to detect eIF3e and eIF3m, respectively. Bands obtained with anti-PSTAIR antibodies were used as a loading reference
(bottom). Blots from biological replicates were quantified with the LI-CORBiosciences Image Studio Lite package, and results corrected for the loading reference
were plotted. Statistical significance was assessed with a t test assuming two-tailed distribution and unequal variance. *p < 0.05.Because S. pombe cells with impaired mitochondrial function
are known to display defects during postdiauxic stationary
phase (Zuin et al., 2008), we determined the survival of eif3e-
and eif3d-deleted cells in stationary phase, which is a read-1896 Cell Reports 16, 1891–1902, August 16, 2016out of chronological aging (Roux et al., 2006). Studies in
Saccharomyces cerevisiae established a ‘‘respiratory threshold’’
below which chronological longevity was drastically curtailed
(Ocampo et al., 2012). Conversely, enhanced synthesis of ETC
Figure 5. Stress Sensitivity and Premature
Aging of eif3e- and eif3d-Deleted Cells
(A) Sensitivity of eif3-deleted cells to H2O2 was
assessed by spotting 5-fold serial dilutions on
plates containing 1 mM H2O2.
(B) Effect of the anti-oxidant N-acetyl cysteine on
the growth of eif3-deleted strains in EMM with 2%
glucose.
(C) Viability of WT and eif3-deleted strains in sta-
tionary phase as determined by colony formation.
Data represent averages of biological replicates,
and error bars indicate SDs. Statistical signifi-
cance of the difference between WT and eif3-
deleted cells at each time point was assessedwith
a t test assuming two-tailed distribution and un-
equal variance. *p < 0.05.
(D) Viability of WT and eif3-deleted strains in
stationary phase as determined by exclusion of
propidium iodide. Data represent averages of
biological replicates, and error bars indicate SDs.
Statistical significance of the difference between
WT and eif3-deleted cells at each time point was
assessed with a t test assuming two-tailed distri-
bution and unequal variance. *p < 0.05.components prolongs the lifespan in Drosophila under condi-
tions of dietary restriction (Zid et al., 2009). Accordingly, we
found that, after 5 days in the postdiauxic phase, respiration-
deficient S. pombe cells deleted for eif3e or eif3d had a 4- to
5-fold reduction in viability, as determined by the ability to form
colonies (Figure 5C). Likewise, using exclusion of propidium io-
dide as a marker of cell integrity, cells deleted for eif3e or eif3d
showed an5-fold reduction in survival (Figure 5D). In summary,
these data indicate an important metabolic homeostatic function
of the eIF3d-eIF3e module in cellular physiology and aging.
eIF3e Promotes the Synthesis of Electron Transport
Proteins in Human Breast Cells
Because S. pombe Int6p and human eIF3e are functional ortho-
logs (Crane et al., 2000), we asked whether human cells also
rely on eIF3e for maintaining ETC integrity. Knockdown of
eIF3e with two distinct small interfering RNAs (siRNAs) in
MCF7 breast cancer cells and in non-tumorigenic MCF10A cells
led to a marked downregulation of UQCRB and ATP5H (Figures
6A and 6B), two complex III and V subunits whose S. pombe or-
thologs, ubiquinol-cytochrome-c reductase complex subunit 6
(SPCC737.02c) and F0-ATPase subunit D (SPBC29A10.13)
require eIF3e for efficient synthesis (Data S1). The complex II
subunit SDHB was also downregulated in eIF3e-depleted
MCF10A cells, whereas the complex I subunit NDUFB8 seemed
to be unaffected (Figures S4A and S4B).
Because the levels of mRNAs encoding ETC proteins were not
decreased after eIF3e knockdown (Figure 6C; Figure S4C), we
tested whether eIF3e regulates the synthesis of ETC proteins us-
ing reporter gene assays. Plasmids driving the expression of
luciferase mRNA fused to the 50 UTRs of ATP5H, UQCRB, and
SDHB (Figure S5A) were transfected into MCF10A cells 24 hr
after knockdown of eIF3e. In three independent experiments,
each with multiple technical replicates (Figure S5B), the activity
of 50 UTR-luciferase fusions was strongly downregulated upon
knockdown of eIF3e relative to control knockdown cells (Fig-ure 6D). In contrast, luciferase reporter activity driven by the
50 UTR of PSMB6 was not affected by knockdown of eIF3e
(Figure 6D).
Because eIF3 was recently shown to regulate translation
through direct binding of mRNA (Lee et al., 2015; Meyer et al.,
2015), we prepared eIF3e and eIF3c immunoprecipitates and
analyzed the associated mRNA by qPCR for the presence of
select mRNAs encoding ETC components. Despite some vari-
ability, this assay, performed in triplicates in two different cell
lines, MCF7 and HeLa, strongly suggested that eIF3 subunits
associated with mRNAs encoding ETC subunits (Figure 6E; Fig-
ure S5D). eIF3 also bound the mRNA encoding the glycolytic
enzyme GAPDH, whose S. pombe orthologs are upregulated in
the absence of eIF3e (Data S1). In summary, these data indicate
that the function of eIF3e in maintaining the synthesis of mito-
chondrial ETC components may be conserved both in yeast
and mammalian cells.
However, we could not detect a specific interaction of eIF3
with SDHBmRNA (Figure 6E) even though SDHB protein and re-
porter activity were decreased in eIF3e knockdown cells (Figures
6A and 6D; Figure S5A). Conversely, although we detected
robust interaction with mRNA encoding the proteasome subunit
PSMB6 (Figure 6E; Figure S5D), a finding consistent with recent
photoactivatable ribonucleoside-enhanced crosslinking and
immunoprecipitation (PAR-CLIP) data (Meyer et al., 2015), its
50 UTR did not mediate detectable eIF3e dependence in the re-
porter assay (Figure 6D). It is therefore likely that mechanisms in
addition to mRNA binding mediate the effect of eIF3 on
translation.
DISCUSSION
Control of Energy Metabolism at the Level of mRNA
Translation
Compared with transcriptional pathways (Scarpulla et al., 2012),
little is known about the control of mitochondrial biogenesis atCell Reports 16, 1891–1902, August 16, 2016 1897
Figure 6. Effect of Knockdown of eIF3e on the Synthesis of ETC Proteins in Mammalian Cells
(A) eIF3e was knocked down in non-tumorigenic MCF10A and tumorigenic MCF7 cells, followed by determination of the levels of the indicated ETC proteins by
immunoblotting.
(B) The blots in (A) derived from biological replicates were quantified with the LI-COR Biosciences Image Studio Lite package, and results corrected for the
loading reference were plotted in a bar graph (bottom). Statistical significance was assessed with a t test assuming two-tailed distribution and unequal variance.
**p < 0.05, *p < 0.1. Error bars represent SDs.
(C) eIF3e was knocked down in MCF7 cells, followed by determination of the levels of the indicated mRNA by qRT-PCR relative to GAPDHmRNA as a reference.
Averaged data from four biological replicates were plotted in a bar graph. Error bars indicate SDs. Statistical significance was assessed with a t test assuming
two-tailed distribution and unequal variance. The p values for differences to the si-Control values are indicated. The corresponding mRNA data for MCF10A cells
are shown in Figure S4C.
(D) Reporter constructs fusing the 50 UTRs of the indicated ETC-encodingmRNAswere fused to luciferase and transfected intoMCF10A cells upon knockdown of
eIF3e. Luciferase activity was normalized to luciferase mRNA measured by qPCR. The graph shows averages of three independent experiments (Figure S5B).
Error bars indicate SDs. Statistical significance was assessed with a t test assuming two-tailed distribution and unequal variance. The p values for differences to
the si-Control values are indicated. eIF3e knockdown efficiency is documented in Figure S5C.
(E) eIF3 complexes were immunopurified from MCF7 cells using antibodies against eIF3e and eIF3c as indicated. eIF3-associated mRNA was extracted and
quantified by qPCR. The graph shows the fold change in the enrichment relative to the immunoglobulin G (IgG) control. Data represent averages of at least three
independent experiments, and error bars indicate SDs.the level of protein synthesis. Recent studies implicated the
mTORC1/4E-BP/eIF4E axis in augmenting the synthesis of
ETC subunits as well as mitochondrial ribosomal proteins (Gan-
din et al., 2016; Morita et al., 2013; Truitt et al., 2015). The find-
ings presented here identified the eIF3 holo-complex as another
critical promoter of the synthesis of ETC components and mito-
chondrial ribosomal proteins. Lack of this function, as apparent
in cell deleted for eif3d and eif3e, causes respiratory deficiency
and oxidative stress, a compensatory upregulation of glycolysis,
strong dependence on glucose, and a reduced lifespan (Fig-
ure 7). These biochemical and cell biological observations are
bolstered by negative genetic interactions of deletion of eif3e
with the deletion of mitochondrial proteins as well as suppres-
sion of the eif3e mutant phenotype by overexpression of glyco-
lytic and TCA cycle enzymes (Data S3). In response to glucose
limitation, cells upregulate eIF3e and eIF3m, and probably the1898 Cell Reports 16, 1891–1902, August 16, 2016entire eIF3 holo-complex, in an apparent attempt to maximize
the synthesis of respiration chain components. eIF3 function
may therefore be a central node in the plasticity of cellular energy
metabolism.
Transcript-Selective Control by eIF3: eIF3d-eIF3e as a
Specificity Module
Our results show that cells deficient in eIF3e and eIF3d are not
globally defective in protein synthesis because they are trans-
lating the compensatory response mRNAs encoding glycolytic
enzymes and the glucose transporter Ght5p with greater effi-
ciency than wild-type cells. Our findings thus strengthen our
previous finding that S. pombe harbors two distinct eIF3 com-
plexes distinguished by the presence or absence of the eIF3d-
eIF3e dimer (Sha et al., 2009; Zhou et al., 2005). Consistent
with this model, our quantitative mass spectrometry data show
Figure 7. Model for the Role of eIF3 Com-
plexes in the Translational Control of En-
ergy Metabolism
An eIF3 complex containing all subunits, including
eIF3d and eIF3e, directs the synthesis of mito-
chondrial ETCcomponentsandothermitochondrial
proteins, leading to efficient respiration and ATP
production (left). In cellsmissing eif3e and eif3d, the
synthesis of ETC components is diminished, lead-
ing to decreased respiration (right). As a result of
inefficient electron transport,mitochondrial reactive
oxygen species (ROS) production increases, re-
sulting in endogenous oxidative stress and reduced
lifespan. In an apparent attempt to balance the
mitochondrial deficit, a retrograde mitochondrion-
to-nucleus signaling loop in eIF3d/e-depleted cells
leads to the induction of a transcriptional program
upregulating the mRNAs encoding the high-affinity
glucose transporter Ght5p as well as glycolytic en-
zymes. These mRNAs appear to be preferentially
translated by the eIF3 complex lacking subunits
d and e (eIF3Dd/e) because their ribosomal occu-
pancy is greatly increased in eif3e-deleted cells.
This suggests an inhibitory activity of the eIF3 holo-
complex on the translation of mRNAs encoding
glucose utilization components in wild-type cells
whose biochemical mechanism—which our data
suggest involves direct mRNA binding—remains
subject to further investigations.that a quasi-stoichiometric eIF3 complex containing all subunits
except eIF3d is stably associated with 80S complexes in cells
deleted for eif3e (Figure S1B). The stability of this alternative
complex, referred to as eIF3Dd/e (Figure 7), likely accounts for
the viability of cells lacking eif3d or eif3e, whereas most other
eIF3 subunits are essential. Together with the exact overlap of
their mutant phenotypes, their direct physical interaction, and
their mutual dependency for proper protein levels and recruit-
ment into the eIF3 holo-complex (Sha et al., 2009; Yen and
Chang, 2000), it is likely that eIF3d and eIF3e together serve as
a specificity module to drive the synthesis of mitochondrial
proteins.
Howmight the eIF3d-eIF3e module regulate specific mRNAs?
Using RNA immunoprecipitation and microarray hybridization
(RIP-CHIP), we have reported previously that eIF3 subunits
interact with specific sets of mRNAs (Zhou et al., 2005). Re-ex-
amination of these datasets prompted by the 80S proteomics
data presented here revealed a significant enrichment of the
gene ontology term ‘‘mitochondrial part’’ (GO:0044429) within
the list of the 100 mRNAs associating most abundantly with
eIF3e (Data S4). Indeed, 12 of the top 100 mRNAs encode mito-
chondrial proteins, including mitochondrial ribosomal proteins
as well as complex I, II, IV, and V subunits (Data S4). In this
work, we found that the interaction of eIF3withmRNAs encoding
ETC components is conserved in human cells. Likewise, recent
PAR-CLIP data (Lee et al., 2015; Meyer et al., 2015) confirmed
direct binding of eIF3 subunits to unique sets of mRNAs that
we found to be highly enriched in the gene ontology terms ‘‘mito-
chondrion organization’’ (GO:0007005, false discovery rate
[FDR] = 1033) and ‘‘respiratory electron transport chain’’
(GO:0022904, FDR = 1020.2) (Data S5). In conjunction with our
demonstration that knockdown of eIF3e in human breast cellsleads to downregulation of several ETC proteins, eIF3 likely pro-
motes the synthesis of mitochondrial ETC components through
direct interaction with their encoding mRNAs.
The efficient synthesis of Ght5p and glycolytic enzymes in
eif3e-deleted cells ostensibly relies on the alternative eIF3Dd/e
complex, which we and others have shown to account for
75% of the total eIF3 population in S. pombe (Ray et al.,
2008; Sha et al., 2009; Zhou et al., 2005). Remarkably, the trans-
lational efficiency of ght5mRNA is even higher in the absence of
eIF3e than in its presence because it is quantitatively seques-
tered into polysomes in eif3e-deleted cells (Figure 4B). This sug-
gests that holo-eIF3, which contains subunits d and e, actively
represses ght5 mRNA translation. Our previous RIP-CHIP data
(Zhou et al., 2005) revealed that eIF3e interacts with mRNAs
for whichwe now show either decreased (e.g., ETC components)
or increased (e.g., glucose transporters) translation in the
absence of eIF3e (Data S4). Significantly, Lee et al. (2015)
recently reported that eIF3 binding to two distinct mRNAs can
either promote or inhibit their translation. Regardless, through
dual stimulatory and inhibitory activities that remain to be
defined molecularly, transcript-specific functions of eIF3 sub-
units appear to fine-tune energy metabolism at the level of pro-
tein synthesis.
eIF3 and Cancer Metabolism
As with other eIFs, upregulation of eIF3 subunits is frequently
observed in human cancers (Hershey, 2015). Overexpression
of individual subunits can drive de novo holo-complex formation
and modest increases in global protein synthesis along with cell
transformation (Zhang et al., 2007). With the re-emerging focus
on the essential role of themitochondrial ETC in cell proliferation,
transformation, cancer stem cell maintenance, metastasis, andCell Reports 16, 1891–1902, August 16, 2016 1899
drug resistance (Birsoy et al., 2015; De Luca et al., 2015; LeBleu
et al., 2014; Martinez-Outschoorn et al., 2014; Sullivan et al.,
2015; Tan et al., 2015; Truitt et al., 2015; Wolf, 2014), it is
conceivable that the ETC-promoting function of eIF3 discovered
in this report underlies, at least in part, its tumor-promoting activ-
ity. In this model, eIF3 would be limiting for mitochondrially pro-
duced building blocks that fuel cancer cell anabolism and thus
represent an intriguing cancer drug target.
Unlike most eIF3 subunits that are upregulated in cancer,
eIF3e mRNA has been found to be downregulated in bulk sam-
ples of human breast and lung cancers (Buttitta et al., 2005; Mar-
chetti et al., 2001). A recent study clarified that eIF3e protein
downregulation in breast cancer occurs not in the epithelial car-
cinoma cells but in stromal cancer-associated fibroblasts (CAFs)
(Suo et al., 2015). In fact, knockdown of eIF3e is sufficient to
confer CAF-like properties to normal human mammary fibro-
blasts (Suo et al., 2015). In situ studies of human breast cancer
samples have revealed that CAFs have low oxidative phosphor-
ylation (OXPHOS) activity but are highly glycolytic, whereas
epithelial cancer cells show the opposite metabolic profile, a
phenomenon referred to as the ‘‘reverse Warburg effect’’ (Marti-
nez-Outschoorn et al., 2014; Whitaker-Menezes et al., 2011). In
this scenario, CAF catabolism and glycolysis will provide lactate
and pyruvate to fuel the oxidative metabolism known to drive the
tumor cells (Birsoy et al., 2015; De Luca et al., 2015; Martinez-
Outschoorn et al., 2014; Sullivan et al., 2015; Tan et al., 2015;
Wolf, 2014). Thus, based on our discovery of eIF3 as a promoter
of ETC synthesis, the downregulation of eIF3e as well as all other
eIF3 subunits (Finak et al., 2008; data not shown) specifically in
CAFs may underlie metabolic synergy in the breast cancer
microenvironment. If so, eIF3 inhibition as a therapeutic strategy
may need to be approached with caution, at least in breast can-
cers showing the reverse Warburg profile.
EXPERIMENTAL PROCEDURES
Yeast Strains
Strains deleted for eif3d and eif3e were described before (Yen and Chang,
2000). The sks2 gene was replaced with the NAT gene conferring resistance
to nourseothricin. S. pombe strains were maintained in YES)or EMM unless
otherwise noted.
Sucrose Density Gradient Profiling
Cell lysates prepared in polysome lysis buffer (20mM Tris-HCl [pH 7.5], 50 mM
KCl, 10 mMMgCl2, 1 mM DTT, and 100 mg/ml cycloheximide) were separated
on 10%–50% (w/v) sucrose gradients. For immunoblotting, fractions were
mixed with SDS sample buffer. For RNA isolation, collected fractions were
precipitated in 1 volume of isopropanol at 80C, followed by purification
via the RNeasy kit (QIAGEN).
Preparation of 80S Complexes for LC-MS/MS Analysis
Wild-type and eif3e-deleted cells in exponential growth phase were lysed in a
buffer containing 20 mM Tris (pH 8), 140 mM KCl, 5 mM MgCl2, 100 mg/ml
cycloheximide, 1% Triton X-100, 200 mg/ml heparin, and 1 mM PMSF and di-
gested with RNase 1. The lysates were loaded onto 25% sucrose cushions,
and ribosomal pellets were analyzed by liquid chromatography-tandem
mass spectrometry (LC-MS/MS) (Brill et al., 2009).
For analysis of newly synthesized components, wild-type and eif3e-deleted
cells were switched from YES to EMM containing 15N-NHCl4 as the nitrogen
source for 4 hr, followed by purification of 80S complexes and LC-MS/MS
analysis. Statistically significant differences in the rate of synthesis of 80S-1900 Cell Reports 16, 1891–1902, August 16, 2016associated proteins between wild-type and eif3e mutant cells were derived
from calculating 15N-WT and 15N-eif3e protein ratios from 15N-labeled pep-
tides using IP2-Integrated Proteomics Pipeline software.
Quantitative Proteomic Profiles
Total lysates of wild-type and eif3e-deleted cells were digested with trypsin,
and peptides were separated by 2D-LC and analyzed on an Orbitrap Velos
Pro mass spectrometer (Thermo Fisher Scientific) operated in positive data-
dependent acquisition mode. All mass spectra were analyzed with MaxQuant
software version 1.5.0.25 (Cox and Mann, 2008). MS/MS spectra were
searched against the Pombase protein sequence database ASM294 (version
2.23) using settings described in the Supplemental Experimental Procedures.
For pulsed SILAC, wild-type and eif3e-deleted cells were grown to exponen-
tial phase in YES medium, washed, and switched to EMM containing 30 mg/l
isotopically labeled 13C6 15N2 lysine (K8). Cell lysate was prepared after 2 hr
and analyzed by 2D-LC-MS/MS as described above. MaxQuant was used
for quantifying K8-labeled peptides. Statistically significant differences in the
rate of synthesis of individual proteins between wild-type and eif3e mutant
cells were derived from calculating K8-WT and K8-eif3e protein ratios from
K8-labeled peptides.
RNA-Seq Analysis
Total RNA was extracted by phase separation using RNA-Bee (Amsbio) and
chloroform, and samples were treated with the RiboMinus eukaryotic kit (Invi-
trogen) to deplete rRNA. The rRNA-depleted sample was subjected to enzy-
matic fragmentation and used for cDNA library construction. The cDNA was
PCR-amplified and sequenced on the SOLiD 4 platform. Differentially ex-
pressed genes were called using the edgeR package.
Metabolomic Profiling by LC-MS
Metabolomic analysis was performed as described previously (Pluskal et al.,
2010). Briefly, wild-type and eif3e-deleted cells were quenched in methanol
and disrupted using a Multi-Beads Shocker (Yasui Kikai). Proteins were
removed by centrifugal filtration, and samples were concentrated by vacuum
evaporation. Finally, each sample was re-suspended in 40 ml of 50% acetoni-
trile, and 1 ml was used for LC-MS analysis on a Paradigm MS4 high-perfor-
mance liquid chromatography (HPLC) system (Michrom Bioresources)
coupled to an LTQ Orbitrap mass spectrometer (Thermo Fisher Scientific).
The data were analyzed using MetaboAnalyst (http://www.metaboanalyst.
ca/). Pathway enrichment analysis was done by hypergeometric test, topology
analysis was based on degree centrality, and a combined gene-metabolite
mode was used.
Studies in Mammalian Cells
eIF3e was knocked down in MCF7 and MCF10A cells using siRNA transfec-
tion. The levels of eIF3e and ETC proteins were analyzed by immunoblotting
as described in the Supplemental Experimental Procedures. mRNA levels
were determined by qPCR. For reporter gene assays, constructs fusing the
50 UTRs of ETC-encoding mRNAs were transfected into MCF10A cells upon
knockdown of eIF3e. Luciferase activity was normalized to luciferase mRNA
measured by qPCR. eIF3-mRNA interactions were tested by immunoprecipi-
tating eIF3 complexes with eIF3e and eIF3c antibodies, followed by mRNA
extraction and detection by qPCR.
Statistical Analysis
Statistical analysis of replicate datasets was performed with Microsoft Excel.
Typically, datawere averaged,SDswere calculated, and statistical significance
was assessed using the T.Test function, assuming two-tailed distribution and
unequal variance. The statistical analysis of proteomic and transcriptomicdata-
sets is detailed in the Supplementary Experimental Procedures section.
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